Background--Purkinje cells (PCs) are important in cardiac arrhythmogenesis. Whether small-conductance calcium-activated potassium (SK) channels are present in PCs remains unclear. We tested the hypotheses that subtype 2 SK (SK2) channel proteins and apamin-sensitive SK currents are abundantly present in PCs.
S mall-conductance calcium-activated potassium (SK) channels were first cloned in 1996 from neural tissues of the central nervous system. 1 SK channels are sensitive to intracellular calcium but not to membrane potential. 1, 2 In the presence of increased intracellular calcium, neuronal SK channels open, causing a flow of intracellular potassium to the extracellular space and hyperpolarizing membrane potential, leading to a slow afterhyperpolarization, which terminates or reduces nerve activity. Apamin, a Western honey bee toxin that specifically inhibits SK channels, 3 reduces the slow afterhyperpolarization and depolarizes the membrane potential, resulting in rapid and irregular neuronal firing. 4 Subsequent studies showed that both SK channel proteins and apamin-sensitive SK currents (I KAS ) are abundantly present in the atria, atrioventricular node, pulmonary vein, and ventricular myocytes (VMs) of different species and play an important role in repolarization and arrhythmogenesis especially in heart failure and myocardial ischemia. 5, 6 In both normal and failing ventricles, prolongation of the pacing cycle length (PCL) further increases the importance of I KAS in repolarization. 7, 8 However, the importance of I KAS in the HisPurkinje system remains unclear. Purkinje cells (PCs) in humans, dogs, and rabbits are found in the subendocardium and in free-running pseudotendons. The availability of repolarization currents is important in subsequent depolarization and rapid conduction through the His-Purkinje system. In addition to conduction, PCs are also important in the initiation and maintenance of ventricular arrhythmias. 9, 10 PCs have an increased intracellular calcium-membrane potential coupling gain and are sources of afterdepolarization and triggered activity in rabbit ventricles. 11 PCs can be a source of continuous electrical activity during ventricular fibrillation 12 and are also important in initiating ventricular arrhythmias in humans. 13 
Methods
This research protocol was approved by the Institutional Animal Care and Use Committee of Indiana University and the Methodist Research Institute, and was conducted in compliance with the Guide for the Care and Use of Laboratory Animals. 16 We studied 25 normal rabbit ventricles, including 13 patch-clamp studies, 4 for Western blotting, and 8 for immunohistochemical staining.
Cell Isolation
The cell isolation protocol was modified from published methods. 17 The rabbits underwent isoflurane inhalation general anesthesia. The chests were opened through median sternotomy and the hearts harvested and quickly placed in ice-cold normal Tyrode's solution that contained (in mmol/L): NaCl, 140; KCl, 5. being patched. Figure 1B and 1C show a PC and a VM, respectively. As compared with VMs, the PCs were larger, less striated, and had tapered ends. Action potentials were evoked by 2-ms current pulses ranging from 1 to 2 nA. APD measured to 80% repolarization (APD 80 ) at different PCLs was obtained at baseline and after adding 100 nmol/L of apamin to the superfusion solution.
Patch-Clamp Studies
For whole-cell I KAS measurements, the pipette solution contained (in mmol/L): potassium gluconate, 144; EGTA, 5; HEPES, 10; 1 lmol/L free calcium (measured with perfectION combination calcium electrode); and pH 7.25 (adjusted with potassium hydroxide). The extracellular solution contained (in mmol/L): N-methyl-glucamine, 140; KCl, 2; MgCl 2 , 1; HEPES, 10; and pH, 7.4 (adjusted with HCl). The voltage-clamp protocol consisted of 500-ms square pulses to voltages ranging from À100 to +40 mV delivered in 20-mV increments from a holding potential of À50 mV. The interpulse interval was 5 seconds. Pipette resistance ranged from 1 to 2 MΩ. Series resistance was electronically compensated by 70% to 80%. To obtain whole-cell I KAS , currents recorded in the presence of 100 nmole/L apamin were digitally subtracted from those recorded in its absence. I KAS amplitudes for each test potential were determined by averaging the current over the entire duration of the voltage pulse using Clampfit (Molecular Devices).
Western Blotting
Four normal rabbit ventricles were isolated and Langendorff perfused with Tyrode's solution for 5 minutes to reduce the number of endogenous antibodies in the blood vessels. The ventricles were then placed on ice and cut open. All pseudotendons were collected from the right and left ventricular cavities. Afterwards the left ventricular free wall was excised and the endocardium was removed and discarded to eliminate the subendocardial PCs. The remaining left ventricular free wall was divided into the epicardial portion and the midmyocardial portion for separate analyses. All samples were directly homogenized in 20 mmol/L MOPS with 1% SDS in the presence of protease inhibitors. Eighty micrograms of each sample was loaded on SDS-PAGE and transferred to a nitrocellulose membrane. The blot was probed with an anti-SK2 polyclonal antibody (1:500, Sigma) and monoclonal anti-SERCA antibody 2A7-A1. Antibodybinding protein bands were visualized by 125 I-protein A and quantified with a Bio-Rad Personal Fx phosphorimager (Hercules, CA). The mean of intensity values from 4 rabbits was used. The control sample was cultured human embryonic kidney 293 cells infected by adenovirus encoding human isoform of subtype 2 SK (SK2).
Immunofluorescence Staining and Confocal Microscopy
Adult normal rabbit hearts (n=8) were fixed in 4% formalin for 45 to 60 minutes, followed by storage in 70% alcohol for at least 48 hours. The samples were then processed routinely and embedded in paraffin. Tissue sections (5 lm in thickness) were deparaffinized and hydrated by multiple Xylene washes and ethanol washes, followed by water and PBS with Tween 20 wash. Myocytes were then permeabilized and blocked in PBS with 3% BSA and 0.2% Triton X-100. After blocking, the slides were incubated with the polyclonal anti-SK2 antibody (1:500, Sigma), followed by secondary antibodies (Dako) for light microscope examinations. Adobe Photoshop version CS6 was used to study the average luminosity, which represents the intensity, or luminance, of the selected area of interest in an image. We first selected 10 areas in the VM, excluding the nucleus, and then used the histogram tool to determine the mean luminosity of the selected areas. We then used the same exact area but in the pseudotendon to determine the luminosity there. The average luminosity of the 10 PCs and 10 VMs were used to estimate the strength of immunostaining of PCs and VMs or that ventricle. If the cells are strongly stained with the antibody, then the luminosity is reduced. For confocal microscopy studies, the secondary antibody conjugated with fluorescent dyes (Alexa 488 by Invitrogen) was used. Confocal images were obtained through a 940 lens of DMI6000 Adaptive Focus Automated Inverted Microscope, Leica TCS SP8 FSU (Argon Ion Laser) SPectral Confocal System with HyD Super Sensitivity Detection. Both negative and positive controls were used to ensure quality of the stain.
Statistical Analysis
APD 80 was measured at the level of 80% repolarization of APD and mean APD 80 was calculated for all available data points. Continuous variables were expressed as mean and 95% CI or meanAESEM. Paired t tests were used to compare APD 80 before and after apamin treatment at different PCLs. A linearmixed effects model was also used to fit the APD 80 data with the cell type, PCL, apamin treatment, and the interaction between apamin treatment and cell type as discrete fixed effects and cells treated as random effects. 18 For voltageclamp studies, I KAS densities for each cell under different ≥0 V were first averaged, and 2-sample t test was used to compare the averaged I KAS densities. Two-sample t tests were used to compare the differences of, luminosity and SK2 protein expression between PCs and VMs. Bonferroni correction was applied for t tests with multiple comparisons. A P≤0.05 was considered statistically significant.
Results
For all results reported below, n refers to the number of cells unless otherwise noted.
Current-Clamp Studies
A total of 9 PCs from 6 rabbit ventricles were successfully studied. In addition, we studied 3 VMs from an additional 3 rabbit ventricles to confirm a previous observation that apamin has little effect on APD in normal VMs. 19 Figure 1 shows the endocardial pseudotendon of a normal rabbit ventricle ( Figure 1A ), a PC ( Figure 1B) , and a VM ( Figure 1C) . A PC was identified by its tapered cell morphology and a lack of transverse tubules. 10 PCs and VMs were selected for patch studies. Figure 2 illustrates the effects of apamin (100 nmol/ L) on APD 80 at different PCLs in PCs. As shown in Figure 2A through 2C, the DAPD 80 (differences of APD 80 before and after apamin) increased with increasing PCL. Figure 2D illustrates the methods used to measure APD 80 and the duration of pacing pulse. An online supplement shows that the stimulus artifacts at the same PCL were the same before and after the exposure to apamin. Figure 3 shows examples of apamin (100 nmol/L) effects on VMs. Apamin has little or no effect on these normal VMs at 600 or 1000 ms PCLs, which was consistent with the results of previous studies. 8, 15, 19, 20 Figure 4 shows data from all PCs ( Figure 4A ) and VMs ( Figure 4B ) studied. Each cell is coded with a unique color. The baseline APD 80 is shown in unfilled circles while the APD 80 after apamin is shown in filled circles. A line segment was used to connect the data from the same cell. Figure 4A shows that apamin prolonged APD 80 in most but not all PCs at different PCLs. The magnitudes of prolongation (DAPD 80 ) of the PCs are shown in Figure 4C . Figure 4B shows the effects of apamin on APD 80 of VMs at various PCLs. The DAPD 80 of VMs are shown in Figure 4D . Apamin induced very little change of APD 80 in VMs at PCLs between 500 and 1000 ms. APD 80 prolongation was observed with 2000 and 4000 ms PCLs. The latter finding is consistent with a previous study which showed that apamin increased APD 80 of Langendorff-perfused normal rabbit ventricles only when the PCL was ≥800 ms. 21 For all cells studied, apamin prolonged APD 80 of PCs (n=9) from 228AE12 to 244AE17 ms (6.63% increase) at 2000 ms PCL, from 203AE18 to 226AE3 ms (9.22% increase) at 1000 ms PCL, 
Voltage-Clamp Studies
Representative recordings of whole-cell currents from a PC and a VM in the absence and presence of 100 nmole/L apamin are shown in Figure 5A and 5B. There are 6 cells from each of the PC and VM groups (a total of 12 cells). For each cell, the I KAS density was measured under 8 different voltage levels. I KAS densities for each cell were averaged over the 3 positive voltage levels. A 2-sample t test was then used to compare the averaged I KAS densities between the PC and VM groups. Results from Shapiro-Wilk normality test were not significant for either group (P=0.79 for PCs and P=0.71 for VM). Mean I KAS density was significantly larger in PC cells compared with VMs at potentials ≥0 mV ( Figure 5C ; P<0.05).
SK2 Protein Expression in the Pseudotendon
We performed quantitative Western blot analyses to compare the expression level of SK2 protein between pseudotendon, epicardium, and midmyocardium. As shown in Figure 6 , expression of SK2 protein in pseudotendon was confirmed as a protein band with a molecular mass of about 60 kDa. The SK2 expression in the midmyocardium was 58% (95% CI, 25-91) (n=4, P=0.028) of that in the pseudotendon. The SK2 protein expression in the epicardium was 50% (95% CI, 16-83) (n=4, P=0.018) of that in the pseudotendon. These findings indicate that there is greater expression of SK2 protein in pseudotendon than in midmyocardium and epicardium.
Immunohistochemical Studies
Consistent with our Western blot analyses, immunohistochemical studies of the rabbit ventricles showed stronger staining of SK2 proteins in PCs than in VMs. These findings were consistent in all 8 normal rabbit ventricles studied. Figure 7A shows a cross-section of pseudotendon (arrow) and the neighboring ventricular myocardium. The brown color indicates positive staining. The staining is much stronger in the PCs within the pseudotendon than that of the VMs in the neighboring ventricular tissues. Figure 7B shows a picture from a different ventricle. The endocardial PCs (arrow) stained much stronger than the surrounding VMs. We used Photoshop to determine the luminosity of the PCs and VMs in all 8 ventricles. The luminosity of VMs was 91 in the 8 ventricles (95% CI, 78-104), significantly (P=0.0088) higher than that of the PCs (67; 95% CI, 54-81). The latter finding indicates that PCs were stained stronger with the antibody than VMs, thus reducing the light going through the cell. Figure 7C shows immunofluorescent staining of the PCs in the pseudotendon, showing strong staining at the periphery of the PCs. Figure 7D shows immunofluorescent staining of a PC at the endocardium. The PC (arrow) stained stronger than the surrounding VMs. The peripheral distribution of the SK2 protein was consistently observed in all ventricles examined.
Discussion
The primary findings of this study are that: (1) normal rabbit ventricles at all PCLs, but prolonged APD 80 of VMs only at long PCLs. The effects of apamin on APD 80 are not uniform, suggesting a highly variable amount of I KAS among different PCs and VMs. These findings indicate that SK channel proteins are more abundantly present in normal rabbit PCs than VMs, and that I KAS is more important in normal PC repolarization than in VM repolarization at normal or nearly normal activation rates.
Distinct Electrophysiological Characteristics of PCs
Gorza et al 22 found that conduction tissue cells of the rabbit heart originate from a population of neural crest-derived cells migrating from the branchial arches into the developing heart. These conduction cells have been found to express proteins and epitopes common with those in neural tissue. 23 26 The differences in the densities of these potassium currents in part account for the differences of the electrophysiological properties between PCs and VMs. A reduced inward rectifier K+ current can increase the diastolic Ca 2+ -membrane potential coupling gain and facilitate the development of afterdepolarization and triggered activity from PCs in intact rabbit ventricles. 11 PCs had greater expression of minKrelated peptide 1, the product of the potassium voltage-gated channel subfamily E member 2 gene, than the VMs. 27 These changes make PC a strong candidate to play a role in arrhythmic syndromes due to minK-related peptide 1 abnormalities, such as long QT syndrome and ventricular fibrillation. 28 While both PCs and VMs contain pacemaker (funny) current, only in PCs did the current activate in the physiological range. 29 Callewaert et al 30 previously reported the existence of calcium-dependent potassium channels in the membrane of cow cardiac PCs. However, because that study was performed prior to the cloning of the SK channels, there was no immunohistochemical or Western blotting data on the existence of SK proteins in the cow cardiac PCs. The present study extends that observation by documenting a difference of I KAS between PCs and VMs, and by demonstrating a more abundant presence of SK2 proteins in the PCs than in the VMs. These results suggest that I KAS plays an important role in the repolarization of PCs, and may in part account for the differential electrophysiological characteristics of the PCs and VMs.
Importance of Activation Rates
Heart rate is known to play an important role in regulating the I KAS in failing ventricles. An extremely high rate of activation, such as that which occurs during ventricular fibrillation, is known to activate I KAS and shorten the postshock APD. These changes facilitate the recurrence of ventricular fibrillation in failing rabbit ventricles. 15, 31 Hsieh et al 7 tested the importance of pacing rates on the expression of I KAS in the same rabbit heart failure model. The results show that apamin lengthens the APD of the epicardium at either very short or very long PCLs, but not at intermediate PCLs.
In the present study, we found similar results in nonfailing PCs. We were not able to pace at <500 ms in isolated PCs. However, when the PCL was increased, the effects of apamin on APD also increased significantly. In addition, the apamin was able to prolong APD of the VMs at long but not short PCLs. The mechanism by which slow pacing rate facilitated the upregulation of I KAS might be due to increased intracellular calcium at slow pacing rates. 32, 33 An additional factor might be related to the longer duration of L-type Ca 2+ current activation when APD is prolonged. Because the SK channel is coupled to L-type Ca 2+ channels via alpha-actinin 2, 34 prolonged activation of L-type Ca 2+ current may prolong the opening of the SK channels. These findings also suggest that inadvertent blockade of I KAS by food or drugs might reduce repolarization reserve and promote ventricular arrhythmias when the heart rate is slow, such as during atrioventricular block. 21 
Limitations
There were large variations of apamin responses among different PCs. Large variations of I KAS densities have also been observed in VMs. 8, 15, 35 The mechanisms by which some cells had more I KAS than others remain unclear.
Conclusions
These data indicate that SK2 proteins are more abundantly present in the PCs than in VMs of normal rabbit ventricles. I KAS is important in ventricular repolarization of normal PCs.
